Abstract. Eastern Sicily is affected by earthquakes and tsunamis of local and remote origin, which is known through numerous historical chronicles. Recent studies have put emphasis on the role of submarine landslides as the direct cause of the main local tsunamis, envisaging that earthquakes (in 1693 and 1908) did produce a tsunami, but also that they triggered mass failures that were able to generate an even larger tsunami. The debate is still open, and though no general consensus has been found among scientists so far, this research had the merit to attract attention on possible generation of tsunamis by landslides off Sicily. In this paper we investigate the tsunami potential of mass failures along one sector of the Hyblean-Malta Escarpment (HME). facing Augusta. The HME is the main offshore geological structure of the region running almost parallel to the coast, off eastern Sicily. Here, bottom morphology and slope steepness favour soil failures. In our work we study slope stability under seismic load along a number of HME transects by using the Minimun Lithostatic Deviation (MLD) method, which is based on the limit-equilibrium theory. The main goal is to identify sectors of the HME that could be unstable under the effect of realistic earthquakes. We estimate the possible landslide volume and use it as input for numerical codes to simulate the landslide motion and the consequent tsunami. This is an important step for the assessment of the tsunami hazard in eastern Sicily and for local tsunami mitigation policies. It is also important in view of tsunami warning system since it can help to identify the minimum earthquake magnitude capable of triggering destructive tsunamis induced by landslides, and therefore to set up appropriate knowledge-based criteria to launch alert to the population.
Introduction
Earthquakes and tsunamis have often affected Eastern Sicily ( Fig. 1 ) and several of them are reported as disastrous in coeval chronicles (Burgos, 1693; Boccone, 1697; Mongitore, 1743) . One example of such occurrences is the 11 January 1693 earthquake (hereafter referred to as E1693). It is the most important and largest seismic event for Sicily and indeed for the whole Italy (M w = 7.3; Rovida et al., 2016) . Together with a concomitant tsunami (hereafter referred to as T1693), it caused destruction in numerous cities and villages, such as Siracusa, Catania, Augusta and Ragusa, for a total toll of about 60 000 victims.
Today we know that there are several processes capable of generating tsunamis in addition to a seismic event, such as subaerial and submarine landslides, volcanic eruptions, oceanic meteorite/asteroid impacts and that, in some cases, tsunamis are generated by multiple factors acting together (NOAA, 2016) . The mechanism of E1693 is still matter of debate. Some authors define an onshore seismic source (DISS Working Group, 2015) , that however cannot justify the earthquake magnitude and the observed tsunami (Tinti and Armigliato, 2003) . Others place the source offshore (Argnani and Bonazzi, 2005) , hypothesis validated by the intensity distribution and by the tsunami. Argnani et al. (2012) assume that the E1693 source was located offshore, and speculate that, in addition to an earthquake-induced tsunami, an offshore landslide could have acted as a tsunamigenic source. The slide (about 5 km 3 ) was identified on processing seismic surveys data at a depth of 2000 m below sea level. Simulation of the landslide motion and of the resulting tsunami (see details in Argnani et al., 2012) , lead to tsunami waves inconsistent with the historical observations. In this work, insisting Figure 1 . Map of the Sicily and southern Calabria with seismotectonic faults (shaded areas, Basili et al., 2013) , historical M w > 5 earthquakes (dots, Grünthal and Wahlström, 2012; Stucchi et al., 2012) and landslides (diamonds, Urgeles and Camerlenghi, 2013) . The red rectangle outlines our study area.
on the idea of a tsunamigenic submarine mass movement, we investigate mass flows down the Hyblean-Malta Escarpment (HME) as potential sources of T1693. The fact that specific deposits of these submarine flows have been not identified in marine geological surveys so far is not a proof they did not occur, since the failed material could have been dispersed as a turbulent flow over very thin sheets, and later transported by deep sea currents and mixed with the seafloor sands. In this paper we focus on the Augusta Bay coast (red square in Figs. 1 and 2) where the most severe tsunami effects were observed. Our aims are (i) to examine the stability conditions of the HME segment facing Augusta and to estimate the Peak Ground Accelerations (PGAs) congruent with E1693 that could have induced a mass flow, (ii) in case of instability, to simulate the submarine landslide motion and the associated tsunami and (iii) to compare the tsunami simulation results with the observed effects of the T1693. Understanding all likely causes of the disastrous E1693 and T1693 is necessary in order to develop and implement proper mitigation policies for protecting people, facilities and environment in case of occurrence of a similar earthquake. It is worth mentioning that today the Augusta Bay region is densely inhabited with about 150 000 people that triple during the touristic season, and that it hosts some of the biggest petrochemical industries of Europe, namely Esso Italiana S.r.l., Polimeri Europa S.p.A. (ex EniChem S.p.A.), Syndial S.p.A and LUKoil (ex. ERG).
This work is also a contribution to assess the tsunami hazard in eastern Sicily because it shows that restricting the attention only to tsunamis of seismic origin might be insuffi- cient for those areas that could be affected also by tsunamis produced by earthquake-induced landslides.
Geological setting
The Augusta-Siracusa region is located in the NW corner of the Hyblean Plateau (HP), that is the NW uplifted shelf of the Pelagian platform, composed by carbonates layers with intercalated volcanic rocks (Torelli et al., 1998; Sirovich and Pettenati, 1999; Argnani et al., 2002; Argnani and Bonazzi, 2005; Micarelli et al., 2006) . In parallel to the coastline of SE Sicily, the HME, with a length greater than 300 km, outlines the eastern edge of the HP, separating the continental crust, about 23 km thick, from the oceanic crust of the Ionian Sea, about 11 km (Torelli et al., 1998) . Underwater deep val- leys and canyons characterize the cliff morphology. In some areas, the slope reaches a value greater than 20 • , making it an area inclined to local instability. Dense seismic profiles have shown that, onshore and offshore, the region is characterized by three main well-defined sediment layers and a complex system of faults (Argnani et al., 2002) where the E1693 hypocentre could be well accomodated. The three layers are, (i) the Mesozoic carbonate sediment, (ii) the Cenozoic basin sediments and (iii) the Plio-Quaternary sediments (Argnani and Bonazzi, 2005; Micallef et al., 2014) . The last layer composes the seafloor and we assume that the sliding mass could have involved only sediments of the Quaternary Period.
In our analysis, we have identified eight HME longitudinal sections in the Augusta Bay region from which the flow mass could have detached (Fig. 3) . We use a fixed volume of about 77 Mm 3 and we have model the slide shape in dependence of the local slope morphology. On average, slide thickness reaches at most ca 25 m and its length is about 4000 m (Fig. 4) . Typically here, the soil is composed of a sequence of layers made of basalt, pyroclastic rock, sand, gravel, clay and different pelagic sediments (Torelli et al., 1998) . In general, the cohesion for this type of sediment structures can be considered very small or null, while the friction angle is reasonably comprised between 35 and 45 • .
Analysis and results
Our work can be synthetized in three main steps: (i) the stability analysis of the HME profiles, (ii) the simulation of the mass movement and (iii) the tsunami propagation modelling. In each step we use specific in-house Fortran codes applied in several works (see Paparo et al., 2013; Zaniboni and Tinti, 2014) : the EqLiMLD code evaluates the slope stability conditions, the UBO-BLOCK1 code simulates the landslide motion and the UBO-TSUFD code models the tsunami genesis and the tsunami propagation.
Stability analysis of the HME slopes off Augusta Bay
The EqLiMDL code, developed by Tinti and Manucci (2006, 2008) and modified by Paparo et al. (2013) , has the aim to establish the equilibrium state of a given slope cross-section under specified conditions using the Minimum Lithostatic Deviation (MLD) method, that is a variant of the Limit Equilibrium (LE) method. The cross-section is divided into vertical slices and for each slice vertical and horizontal forces and torques are computed, taking into account all possible contributions including gravity, the seismic load in terms of peak ground acceleration and the water load of the sea. The LE method is simple, efficient, and widely used. It computes www.adv-geosci.net/44/1/2017/ Adv. Geosci., 44, 1-8, 2017 Figure 5 . Safety Factor vs. friction angle for all profiles in noseismic condition. All profiles are stable, which means that Augusta HME is not prone to mass failure in absence of earthquakes.
the Safety Factor (F ), that is the ratio between the limit shear strength and the shear stress at the trial slide surface, whose value indicates whether a slide is in equilibrium or not: if F is smaller than one, then the mass is prone to slide downslope, while if it is greater than one, it is stable and will not move. The MLD method introduces the lithostatic deviation parameter δ representing the average magnitude of the interslice forces normalized to the weight of the sliding mass. In virtue of the MLD principle, given a range of F values, the EqLiMLD code takes the one minimizing δ as the F representing the stability condition of the slope (further details in Tinti and Manucci, 2006, 2008; Paparo et al., 2013) . Figure 5 shows the F analysis results in no-seismic condition, varying the friction angle: all eight cross-sections turn out to be stable, which confirm their equilibrium before the E1693 event.
Introducing a seismic load, we have analyzed the HME profiles with a PGA ranging in the interval [0-1] g. The Augusta-Siracusa area is classified into the third seismic zone of the Italian seismic hazard map (Gruppo di Lavoro MPS, 2004) : in this zone the (10 % exceedance probability in 50 years) PGA on bedrock is estimated to range from 0.12 to 0.25 g (see the violet box in Fig. 6a-c) . Assuming these PGA values, all profiles happen to be stable. However, if one considers the macroseismic field of E1693 and makes use of a proper PGA-I regression relationship, one can estimate the PGA values of E1693 in the area off Augusta where the slides are supposedly located. In literature there are several regression laws computed for the Italian territory (see Chiaruttini and Siro, 1981; Margottini et al., 1992; Decanini et al., 1995; Faccioli and Cauzzi, 2006; Faenza and Michelini, 2010; Caprio et al., 2015) . If we use the relation computed recently by Paparo and Tinti (2017) , one sees that in correspondence of an MCS intensity XI, the PGA is 0.51 g, much larger than the value associated with the third seismic zone. In the Fig. 6a -c, the dotted black line indicate the PGA = 0.511 g and the grey areas outline the un- Paparo and Tinti (2017) . Grey areas mark the uncertainty band associated with the estimated PGA value. Purple areas mark the PGA interval of the Italian seismic hazard maps, built using the 16th, 50th and 84th percentiles of the PGA distribution with 10 % probability of exceedance in 50 years (Gruppo di Lavoro MPS, 2004) . certainty band associated with the PGA value: under these seismic loads, all profiles could reach unstable conditions, which confirms the hypothesis that the 1693 earthquake can have induce landslides on the steep slopes of the HME, off the coasts of Augusta Bay. 
Simulation of the landslides
Verified that the soil could break along a given trial surface under opportune conditions, the code UBO-BLOCK1, developed by the University of Bologna Tsunami Research Team, simulates the landslide motion through a Lagrangian approach. The mass is simplified as a chain of blocks and the code computes the motion of the centre of mass (CoM) of the blocks that move along a predefined path (Fig. 7) wing to the action of body forces (gravity and buoyancy), the bottom friction, the frontal drag and the block-block interactions. The sliding mass moves the water around, providing the impulse for the tsunami generation. Using an intermediate algorithm, we evaluate the impulse transmitted by the moving mass to the water surface (further details in Tinti et al., 1997) . The slide velocity (averaged over the blocks) is shown for all scenarios in Fig. 8 , from where one can see that the peak velocities range between 45 to 60 m s −1 and are attained in the first 60-90 s.
Tsunami simulation
Using the sliding mass as a perturbative term, the UBO-TSUFD code, developed by the Tsunami Research Team of the University of Bologna, simulates the tsunami generation and propagation, solving the incompressible NavierStokes equations in the non-linear inviscid non-dispersive shallow-water approximation. The code implements a finitedifference numerical scheme over a structured grid composed by equally spaced nodes (Tinti and Tonini, 2013) . Figure 9 shows that all potential landslides are able to generate a sizable tsunami with waves at least 1 m high. In scenarios 3, 4 and 5 the sea reaches a level up to 5 m in the Augusta area, while in scenarios 2, 3 and 7 we find a similar situation for the Magnisi peninsula.
Conclusions
Eastern Sicily is often hit by earthquakes and tsunamis. The 11 January 1693 earthquake was the strongest of the seismic history of Italy. In this work, we have explored the hypothesis that the earthquake generated a tsunamigenic landslide. We have selected eight profiles of the Hyblean-Malta Escarpment in the segment facing the Augusta Bay and have analyzed their equilibrium conditions under seismic load. After estimating a PGA value larger than 0.5 g congruent with the E1693 intensity field, the stability analysis shows that the HME slope could be destabilized by E1693 and, due to its steepness, fast landslides could have taken place. All simulated landslides reach deep sea (over 2000 m b.s.l.) in few minutes, after a strong acceleration phase, leading to peak velocities of 45-60 m s −1 , depending on the escarpment morphology. The landslide motion is the input for tsunami waves in the area between Augusta and Siracusa: in our simulations in some scenarios, their height is at least 1 m and in some areas the local maxima are over 8 m, following historical reports. In this work we demonstrated that in the region of Augusta, Eastern Sicily, large earthquakes can trigger tsunamigenic landslides that can add disaster to the damage produced by seismic shaking. Our study can be seen as a preliminary contribution to the hazard assessment of Eastern Sicily.
Data availability
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